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Bacillus subtilisF-type ATP synthases, central energy conversion machines of the cell synthesize adenosine triphosphate (ATP)
using an electrochemical gradient across the membrane and, reversely, can also hydrolyze ATP to pump ions
across the membrane, depending on cellular conditions such as ATP concentration. To prevent wasteful ATP
hydrolysis, mammalian and bacterial ATP synthases possess different regulatory mechanisms. In bacteria, a
low ATP concentration induces a conformational change in the ε subunit from the down- to up-states, which
inhibits ATP hydrolysis. Moreover, the conformational change of the ε subunit depends on Mg2+ concentration
in some bacteria such as Bacillus subtilis, but not in others. This diversity makes the ε subunit a potential target
for antibiotics. Here, performing molecular dynamics simulations, we identify the Mg2+ binding site in the ε
subunit from B. subtilis as E59 and E86. The free energy analysis shows that the ﬁrst-sphere bi-dentate
coordination of the Mg2+ ion by the two glutamates is the most stable state. In comparison, we also clarify the
reason for the absence of Mg2+ dependency in the ε subunit from thermophilic Bacillus PS3, despite the high
homology to that from B. subtilis. Sequence alignment suggests that this Mg2+ binding motif is present in the ε
subunits of some pathogenic bacteria. In addition we discuss strategies to stabilize an isolated ε subunit carrying
the Mg2+ binding motif by site directed mutagenesis, which also can be used to crystallize Mg2+ dependent ε
subunits in future.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
ATP synthases are the main producer of adenosine triphosphate
(ATP), the universal energy source in all living cells. ATP synthases are
found in the bacterial plasmamembrane, the thylakoids of chloroplasts,
and the inner cristae of mitochondria. This enzyme catalyzes the
synthesis of ATP by the phosphorylation of adenosine diphosphate
(ADP) using a rotary mechanism [1] driven by an electrochemical
gradient (H+ or Na+) [2,3]. Reversely, under certain conditions, they
can also pump ions across the membrane hydrolyzing ATP. Which of
themotions takes place is decided by the cellular conditions. In particu-
lar, wasteful ATP hydrolysis is prevented, in which mammalian and
bacterial ATP synthases take different regulatory mechanisms for this
ATP hydrolysis inhibition.
F-type ATP synthases consist of twomacromolecular sub-complexes
[4], the soluble F1-complex (blue, cyan, green, and red in Fig. 1A),
inwhich the catalytic event is carried out and themembrane embedded
Fo-complex (parts drawn in orange in Fig. 1A), which is responsible for
ion transport across themembrane. In the synthesismode, ion transport
in Fo— either H+ or Na+, dependent on the binding site composition ofA. Krah),the c-ring [5] — rotates the c-ring [6,7] (orange in Fig. 1A). The rotary
motion drives a series of conformational changes in the F1-sub-complex
leading to synthesis of ATP. The bacterial F1-core-subcomplex consists
of an assembly of α3β3γε subunits (α3β3γδ in mitochondria). Alterna-
tively arranged α3β3 form a hexagonal ring (blue and cyan in Fig. 1A),
in which the central stalk, γ, is inserted (green in Fig. 1A) [8]. The
catalysis (ATP synthesis or hydrolysis) takes place at the interface
between α and β. In the crystal structure, three copies of αβ's take dif-
ferent conformations, representing different steps in catalysis, following
a binding change mechanism [9].
These reversible functions of F-type ATP synthases are regulated so
that wasteful ATP hydrolysis is minimized. High ADP concentration
leads F1 to the pause of ATP hydrolysis mode, which is known as the
MgADP inhibition [10]. Moreover, another ATP hydrolysis inhibition
mechanism exists. Interestingly, this second inhibition mechanism
differs between those in bacteria and mitochondria. The pH dependent
[11] inhibitory protein IF1 could be identiﬁed to prevent ATPase func-
tion in mitochondria [12]. Recent crystal structures give insights into
the structural basis of IF1 binding to the F1-subcomplex from bovine
[13,14] and yeast mitochondria [15], respectively. On the other hand,
in bacteria a conformational change in the C-terminal domain of subunit
ε (red in Fig. 1A) is responsible for the hydrolysis inhibition. The ε sub-
unit is believed to take the down-state in the presence of ATP, allowing
ATP hydrolysis (left of Fig. 1A),while the up-state is observedwhen ATP
Fig. 1. Schematic view of the ATPase inhibition mechanism in bacterial F-type ATP synthases by subunit ε. A) The ε subunit (drawn in red) has an ATP binding site. With a bound ATP
molecule, the ε subunit takes the non-inhibitory down-state (left). Upon ATP dissociation, the ε subunit conducts a conformational change to the up state (right), which binds to the
α3β3 complex in the catalytic site (blue and cyan), and inhibits ATP hydrolysis by preventing the rotation of the central stalk (green) in ATPase direction. The membrane embedded
c10-ring is shown in orange and the membrane bilayer is indicated in gray. In all Figures the central stalk γ of crystal structures of known states from Escherichia coli (down- and up-
state) was aligned to the central stalk γ of the F1-c10 complex from yeast mitochondria [37]. Subunit α1 is not shown for clarity. B) In E. coli and thermophilic Bacillus PS3, the switch
in the state of ε is regulated by ATP concentration only. C) In Bacillus subtilis, the switch is regulated by ATP and Mg2+ ion concentration. All Figures containing structural information
were generated with VMD [38].
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acting as an ATP sensor [20] and thus inhibiting ATPase activity. These
biochemical and spectroscopic data could be conﬁrmed by a recent
crystal structure of the ε-inhibited state of the whole F1-complex from
Escherichia coli [21].
The ε subunit from bacteria consists of a rigid β-sheet motif and a
C-terminal α-helical domain, which is able to bind ATP as shown for
thermophilic Bacillus PS3 [22,23], Bacillus subtilis [24] and E. coli [23].
In the crystal structure [23] of the contracted non-inhibitory state of
the ε subunit from thermophilic Bacillus PS3 ATP is coordinated by
charged residues, showing an extended binding network. While the
nucleoside is stabilized by cation-π, protein backbone — adenosine
interactions and stabilizing protein-nucleoside hydrogen bonds, the
phosphate group is coordinated by arginine residues. Mutational
studies revealed the role of the single residues in terms of ATP binding
strength in the ε subunit from thermophilic Bacillus PS3 [25]. The
C-terminal domain of the ε subunit of ATP binding species is believed
to undergo a conformational change from the uninhibited down-state
to the ε-inhibited up-state, binding to the catalytic interface in α3β3
complex preventing ATP hydrolysis by inhibiting the rotational event
[26], when ATP concentration becomes lower than a certain threshold.
The up- [21] and an intermediate half-extended state [27] could be
crystallized in the absence of ATP, while the down-state of subunit ε
could be structurally resolved for different organisms in the presence
[23] and absence [28,29] of ATP. In addition, spectroscopic and bio-
chemical studies support the assumption of a conformational changeof the C-terminal domain of subunit ε in bacterial F-type ATPases to
prevent ATP hydrolysis [17–19,30] and to slow down synthesis steps
due to interactions with subunit γ, which cause a rotational restraints
on the central stalk [31].
While previous studies suggested that ε-inhibition is dependent on
MgADP inhibition [32] and increase the duration of this inhibition
state [33], recent studies suggest that the ε subunit accelerates the
release of MgADP inhibition [34,35] or the ε-inhibited state is indepen-
dent from the MgADP inhibited state [36].
Interestingly, even among bacteria, regulatory mechanism of ATP
inhibition induced by subunit ε differs in regard to Mg2+ dependence.
The ε subunit of thermophilic Bacillus PS3 is Mg2+ independent [22],
whereas, it has been shown thatMg2+ is required to enable ATP binding
towards the ε subunit from B. subtilis [24] (Fig. 1B and C). Structural
reasons for Mg2+ binding have not been clariﬁed yet.
Indeed, the main purpose of this work is to understand the species-
dependent Mg2+ binding in the ε subunit of F-type ATP synthases. In
the present study, we ﬁrst use homology modeling to obtain structural
models of the ε subunit of B. subtilis. We then performed conventional
molecular dynamics (MD) simulations and free energy calculations to
describe the Mg2+ binding site at the surface of the ε subunit from
B. subtilis. We also ﬁnd that the corresponding binding site is absent
in the Mg2+ independent ε subunit from thermophilic Bacillus PS3.
Sequence alignment of the ε subunits from thermophilic Bacillus
PS3, B. subtilis and pathogenic bacteria suggests the presence of an
Mg2+ binding motif in some of the pathogenic bacteria, which might
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ε subunit from thermophilic Bacillus PS3 and B. subtilis, we propose a
strategy how to suppress the Mg2+ dependency in B. subtilis and
Mg2+ sensitive pathogenic bacteria, using site directed mutations. This
might allow structural characterization of Mg2+ dependent ε subunits
via X-ray crystallography.
2. Material and methods
2.1. Homology model for the ε subunit of B. subtilis
The monomeric homology model for the F-type ATP synthase ε sub-
unit of B. subtilis was derived by the program MODELLER (version 9.1)
[39]. We used chain A of the dimeric crystal structure of the ε subunit
from thermophilic Bacillus PS3 (PDB-ID: 2E5Y) [23] as a template and
the sequence alignment as given in the Supporting Information,
Fig. S1. The template and target protein sequences share ~69% identity.
First DOPE [40] and Modeller Objective Function (MOF) [41] were
obtained. The 10 best models of both methods were further analyzed
using Procheck [42] and the QMEAN scores [43], provided on the
SWISS MODEL platform [44]. The QMEAN score has been shown to be
more rigid than the other scoring functions [45]. After the analysis,
two ﬁnal models were chosen for MD simulations. The protonation
states of all titratable residues, except for residues E59 and E86 (see
below), were derived by the H++webserver [46].
2.2. Molecular dynamics simulations
MD simulations were carried out for the monomeric ε subunit
from thermophilic Bacillus PS3 (Chain A, PDB-ID: 2E5Y) [23] and for
two models of the ε subunit from B. subtilis, derived as described
above. Each of the monomeric ε subunits was solvated in an octahedral
box. For the ε subunit from B. subtilis, to decide the protonation states of
E59 and E86, we conducted two sets of simulations; the one case with
the protonated E59 and deprotonated E86, and the other case
with deprotonated E59 and protonated E86. For each, three indepen-
dent MD simulations were performed in the absence of Mg2+ for
25 ns. The net charge of the simulation system was neutralized by
adding counter ions. For the ε subunit from thermophilic Bacillus
PS3 and B. subtilis (both E59 and E86 deprotonated) 4 Mg2+ ions
(~17.5 mMMg2+ concentration) and counter ions were added to neu-
tralize the overall system charge, comprising in total ~ 41.000 atoms.
Three independent simulations were carried out for a total simulation
time of 150 ns each. All simulation systems were equilibrated 4 ns
with gradually released restraints on all heavy atoms of the protein
and ATP. All simulations have been performed by GROMACS [47]
(versions 4.5.5 and 4.6.5). We applied both AMBER-ILDN [48–52] and
CHARMM [53–57] force ﬁelds, implemented [58,59] in GROMACS.
Standard Mg2+ parameters were used for the AMBER-ILDN [60] and
CHARMM [61] force ﬁelds, respectively. The constant temperature and
pressure at 300 K and 1 bar were realized by the velocity rescaling
thermostat [62] and the Parrinello–Rahman barostat [63], respectively.
Periodic boundary conditions were applied in all three dimensions. A
simulations time step of 2 fs was used and the electrostatic interactions
were computedwith the ParticleMesh Ewaldmethod using a real space
cut-off of 12 Å. The same cut-off was used for the calculation of the Van
der Waals interactions.
2.3. Free energy calculations
To address if ﬁrst or second coordination sphere is energetically more
stable, the thermodynamic integration (TI) calculations have been carried
out with 52 windows. Simulations were performed for 0.5 ns, using the
ﬁrst 100 ps as equilibration time. To keep theMg2+ ion in the designat-
ed position, distance restraints of 150 kcal/(mol ∗ nm2) were applied.
Entropic penalty contributions were removed as described previously[64]. To derive the most stable second coordination sphere, we
simulated 18 windows using TI calculations converting one coordina-
tion state into another one (bi− → tri− and tri− → tetra-dentate
coordination) by using position restraints for the relevant glutamate
oxygen atoms and the Mg2+ ion for each state and a force constant of
25 kcal/(mol ∗ nm2) to convert one coordination spheres into the
other one. The latter simulations have been carried out for 1 ns, using
the ﬁrst 100 ps as equilibration time. All windows in the TI calculations
have been incrementally increased by the coupling parameterλ. All free
energy simulations have been conducted in forward and backward
directions. A more detailed description of the free energy section can
be found in the Supporting Information.
3. Results
3.1. The homology models for the ε subunit of B. subtilis
The models obtained from the template of the ε subunit of thermo-
philic Bacillus PS3 (PDB-ID: 2E5Y) [23] had nearly the same overall
conformation as the template (Fig. 2). After combining different scores
(DOPE, MOF, QMEAN) and further analysis with Procheck, we selected
the two best models. The backbone RMSDs of themodels 1 and 2 in ref-
erence to the template structure were 0.16 Å and 0.17 Å, respectively.
Due to the high sequence identity, sharing 92 (~69%) identical and
25 (~19%) similar amino acids in the sequence (Fig. S1), and the similar
QMEAN score, denoting 0.803 for the ε subunit from thermophilic
Bacillus PS3, 0.817 for themodel 1 and 0.767 for themodel 2, respective-
ly, we concluded to have reasonable quality of the obtained models of
B. subtilis. Comparison of the ε subunit from thermophilic Bacillus PS3
(pdb-ID: 2E5Y, chain A) with the crystal structure of the ε subunit
from E. coli (pdb-ID: 1AQT) [28], sharing 51 (38%) identical and 51
(38%) similar amino acids, revealed a higher backbone RMSD of 3.13 Å.
The alignment of the ε subunit from thermophilic Bacillus PS3 and
B. subtilis is shown in Fig. 2D. The same secondary structure is observed
(cartoon representation in orange and green). ATP has nearly the same
position (ball and stick representations) and ATP binding residues are
hardly displaced (red and blue, respectively). Sequence identity and
similarity can be assessed by comparing the sequences as shown in
Fig. S1.
3.2. The protonation states of E59 and E86
We ﬁrst calculated the pKa of all titratable residues using the H++
web server [46] for both selected models. All titratable residues except
E59 and E86 were predicted as charged in consistent manner according
to theH++webserver, and thuswe did not investigate them further. In
contrast, the pKa values derived by the webserver were 12 for E59 and
4.1 for E86 in model 1 and 7.0 for E59 and 5.2 for E86 in model 2,
suggesting that E59 can be protonated. Due to the large difference in
these calculations and the presence of these residues at the surface of
the protein, we examined two different protonation states, the one
with the protonated E59 and the deprotonated E86 and the other with
deprotonated E59 and the protonated E86. For each case, using the
AMBER-ILDN and CHARMM force ﬁelds we conducted three indepen-
dent MD runs of 25 ns long without any Mg2+ ions. Simulations with
both force ﬁelds indicate that the interaction of E59:Oε2, donating a hy-
drogen bond to E86:Oεx (E59 protonated case) and E86:Oε2 donating a
hydrogen bond to E59:Oεx (E86 protonated case) — these interactions
are indicated by the models — are broken during the simulation
(Fig. 3). Fig. 3A shows the distribution of the distance between the pro-
tonated carboxylate group E59:Oε2 and the deprotonated carboxylate
group E86:Oεx. Fig. 3B shows the interaction distances between
E86:Oε2 and E59:Oεx, respectively. The protonated carboxylate group
was highly populated in a conﬁguration pointing towards the bulk
water, representing a pKa of 3.9 and 4.1 for E59 and E86, respectively
(calculated for representative snapshot by the H++ web server [46]).
Fig. 2.Models for the ε subunit from Bacillus subtilis. A) Overall structure. Close-up views in the vicinity between the β-sheet and theα-helical domains of model 1 (B) andmodel 2 (C). In
D) the aligned crystal structure of the ε subunit from thermophilic Bacillus PS3 (orange) and the structure of the homologymodel from B. subtilis (green) is shown. ATP is shown in ball and
stick representations. Residues in red and blue show ATP binding residues of thermophilic Bacillus PS3 and B. subtilis, respectively.
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be used in all the subsequent simulations.
3.3. The Mg2+ binding site derived by conventional MD simulations
To ﬁnd a possible Mg2+ binding site in the ε subunit of thermophilic
Bacillus PS3 and that of B. subtilis, we performed MD simulations of
150 ns including 4Mg2+ ions. For the ε subunit of B. subtilis, simulations
were performed for the above mentioned two models. In all three
trajectories, we found the similar range of the backbone RMSD (root
mean square deviation) of 1.4–2.3 Å (thermophilic Bacillus PS3) and
1.6–3.4 Å (B. subtilis) from the starting structures (Table S1, Fig. S2),
suggesting proper qualities of the two models for B. subtilis. However,
due to the lower quality of the homology model, compared to the
high resolution crystal structure (resolved at 1.9 Å), a higher backbone
RMSD is expected. Fig. 4 shows the distance distribution of Mg2+ ions
to E59 and E86. Other acidic residues interact with the Mg2+ ion, too,
but with much less frequency. Thus we conclude that these amino
acids do not contribute to a potential Mg2+ binding site. In Fig. S3 the
Mg2+ distance distribution towards all negatively charged protein resi-
dues, namely Asp and Glu, is shown. While in the simulation of the ε
subunit from thermophilic Bacillus PS3 no high probability peaks ofMg2+ ions in the vicinity of any carboxylate group was observed
(Q59 and E86— dotted lines in Fig. 4A), all simulations of the ε subunit
from B. subtilis showed two highly populated peaks, namely E59 and
E86, with a cut-off distance that corresponds to the second coordination
sphere (solid lines). These residues bind simultaneously to the Mg2+
ion in the second coordination sphere (Fig. 4C, S2). E86 in thermophilic
Bacillus PS3 was coordinated by an arginine (R84) during the simula-
tions (Fig. 4B). This positively charged interaction most likely prevents
Mg2+ binding to E86 in subunit ε from thermophilic Bacillus PS3 and
maintains ε subunit in the down-state. To determine if a second coordi-
nation sphere of Mg2+ without being connected to a ﬁrst coordination
sphere in proteins has been found previously, we looked into the litera-
ture, but did not ﬁnd any Mg2+ second coordination sphere caused
by proteins in absence of a ﬁrst sphere ion coordination [65,66]. Howev-
er, crystal structures of small organic compounds, Mg–L–Asp [67],
Mg(L–AspH)(D–AspH) [68] and Magnesium Bis[orotate(− I)]
Octahydrata [69] have been shown to bindMg2+ ions in ﬁrst or second
coordination sphere, respectively. While in the ﬁrst sphere of Mg–L–
Asp coordination the nitrogen lone pair coordinates the Mg2+ ion
(denoting that the backbone nitrogen is deprotonated and thus
donating a favorable interaction to the Mg2+ ion) the coordination in
the ﬁrst sphere complex from Mg(L–AspH)(D–AspH) the Mg2+ ion is
Fig. 3. Protonation state analysis of E59 and E86. The distribution of thedistances between side chain oxygen atoms in E59 and E86 of the ε subunit ofBacillus subtilis is plotted. A)Distances
between E59:Oε2 and E86:Oεxwhen E59 is protonated and E86 is deprotonated. B)Distance between E86:Oε2 and E59:Oεxwhen E59 is deprotonated and E86 is protonated. Resultswith
the AMBER-ILDN and CHARMM force ﬁelds are shown on the left and the right, respectively. Black, red and green curves represent three independent simulation results of 25 ns long.
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molecules) and four water molecules. In the second coordination
sphere from Magnesium Bis[orotate(− I)] Octahydrate the Mg2+ ion
is coordinated by six water molecules, which bridge the interaction
towards the carboxylate groups of Magnesium Bis[orotate(− I)]
Octahydrata.3.4. The calculation of the solvation free energy suggests a ﬁrst coordination
sphere of the Mg2+ ion
Although we found the second coordination sphere of the Mg2+ ion
in the above MD simulations of the ε subunit from B. subtilis, this could
be due to a ﬁnite time of the simulation. To clarify whether a ﬁrst or
second coordination sphere is more stable, we calculated the free
energy difference between the ﬁrst and second sphere of the Mg2+
ion coordinated by E59 and E86. The ﬁrst sphere was initiated in a bi-
dentate coordination (see the next sub-section). Applying the formula
ΔGb0 = ΔGsite − ΔGbulk − RTlnC0Vsite, where ΔGsite is the free energy
difference in the binding site, ΔGbulk is the solvation free energy in the
bulk system and RTlogC0Vsite is a correction term for the entropic penal-
ty of the restraints applied to the Mg2+ ion. In this correction term
R denotes the universal gas constant, T the temperature, C0 the standard
concentration, which is the inverse standard volume of 1 mol water
( 1
1660 Å
3), and Vsite the volume the ion is able to move in the binding
site. We obtained a free energy difference of 19.19 kcal/mol and
18.93 kcal/mol (Fig. 4D and Table S3), including an entropic correction
in the ﬁrst sphere complex of 4.22 kcal/mol and 4.95 kcal/mol (basedon the estimated free volume of the Mg2+ ion in the binding site of
1.31 Å3 and 0.38 Å3) for the AMBER-ILDN and CHARMM force ﬁeld,
respectively (Fig. 4D). The results show that in both force ﬁelds
(AMBER-ILDN and the CHARMM), the ﬁrst coordination sphere is
more stable than the second coordination sphere. The second coordina-
tion sphere is a metastable state, more favorable than a fully hydrated
Mg2+ ion in bulk water. However, it should be mentioned, that the Kd
of Mg2+ binding to the ε subunit of B. subtilis is not known, the experi-
ments previously conducted were either Mg2+ ion depleted (chelated
by EDTA) not showing a ﬂuorescence response by adding ATP or con-
taining 10 mM Mg2+, showing ﬂuorescence response dependent on
the addition of ATP, in the reaction probe [24].
In conventional MD simulations, we did not see any transition from
the second to the ﬁrst coordination sphere and vice versa, implying a
high free energy barrier. An approximate lower boundof the free energy
barrier between ﬁrst and second coordination sphere by ΔGmin = ‐kBT
ln τsim/τoscil was 6 kcal/mol. Here, τsim and τoscil mean the residence
time scale in the ﬁrst coordination sphere and the oscillation period of
the distance.3.5. The Mg2+ ion coordination derived by conventional MD simulations in
the ﬁrst sphere complex
Since the above calculation of the solvation free energy of the Mg2+
ion does not distinguish among several possible coordination states in
the ﬁrst coordination sphere, we further carried out conventional MD
simulations starting from four different coordination states depicted in
Fig. 4.Mg2+ binding site analysis in the ε subunit from Bacillus subtilis and thermophilic Bacillus PS3. A) Distance distribution ofMg2+ to E59 and E86 in the ε subunit from B. subtilis for 3
independent runs of the two models (1 and 2 — solid lines) and the corresponding residues, Q59 and E86 in thermophilic Bacillus PS3 (dotted lines) with the AMBER-ILDN (left) and
CHARMM (right) force ﬁelds. The time series of each single run for the minimum distance of Mg2+ to E59 and E86 are shown in Fig. S4. B) Distance distribution of R84:NHx to
E86:Oεx of the ε subunit thermophilic Bacillus PS3. C) A snapshot of the second coordination sphere derived from MD simulations. D) Free energy of solvation difference to distinguish
the stability of Mg2+ in water (denoted as 0 kcal/mol), compared to ﬁrst and second coordination sphere in the ε subunit from B. subtilis. The results for the absolute free energies are
shown in Table S3.
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tetra-dentate coordinated by residues E59 and E86.
In the ﬁrst two rows of Fig. 5, we see the ﬁrst sphere and mono-
dentate coordination in one glutamate (red curve) led to dissociation
of the coordination to the other glutamate (distances to two oxygen
atoms in blue and green curves). Thus, the mono-dentate coordination
seems to be too weak to maintain coordination by two glutamates.
Whereas, the bi-dentate coordination, shown in the third row of
Fig. 5, stayed stable in all three runs. Green and red curves (the red
curve almost hidden behind the green) represent distances from two
glutamates.In the tri- and tetra-dentate coordination shown in the fourth, ﬁfth
and sixth rowof Fig. 5, we see frequent transitions to other coordination
states. In one case starting in the tri-dentate coordination (left panel),
we see that one coordination is lost in the middle of the run (black
curve). The second run exhibited the transition to the tetra-dentate co-
ordination, while the third runmaintained the tri-dentate coordination.
In the second tri-dentate state one transition is observed to the tetra-
dentate state, but is immediately released towards the tri-dentate
state again (row ﬁve, left panel). The tetra-dentate coordination was
able to switch into the tri-dentate coordination (the second and the
third runs). While in the AMBER-ILND force ﬁeld the bi-dentate
Fig. 5. Structure and distances ofMg2+ towards the binding site inﬁrst coordination sphere. Analysis of the coordination states ofMg2+ ions by E59 and E86 in theﬁrst sphere. Distances of
Mg2+ from each carboxylate oxygen atomof E59 (E59:Oε1 and E59Oε2; black and red, respectively) and E86 (E86:Oε1 andOε2; green andblue, respectively) along 100nsMD trajectories
calculated with the AMBER-ILDN force ﬁeld. Each row corresponds to a different coordination state, as shown on the right in each row. For each state, results of three independent
simulations are displayed in left, center, and right panels. The corresponding results using the CHARMM force ﬁeld are given in the Supporting information (Fig. S5).
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all other ﬁrst sphere complexes, in the CHARMM force ﬁeld the second
sphere complex is the most stable coordination in respect to the RMSD.
Backbone RMSD values are given in the Table S1, S2 and visualized as
a function of time in Fig. S2. These results and the calculation of the
solvation free energy (previous section and Fig. 5) indicate that the
bi-dentate coordination (ﬁrst sphere) is the most favorable one.
3.6. Free energy simulations show that the bi-dentate coordination is
most stable
Although the above direct MD trajectories suggested that the
bi-dentate ﬁrst coordination sphere is favorable, we lack quantitative
picture in terms of free energy. Thus, to clarify the stability of the
coordination state of the Mg2+ ion binding, we performed additional
free energy calculations. We carried out thermodynamic integration
calculations, simulating a conversion of one state into another in
forward and backward direction (Fig. 6).
The result shows for both AMBER-ILDN (blue bars) and CHARMM
(red bars) force ﬁelds that the bi-dentate coordination is the mostfavorable, in agreementwith the results of the conventionalMD simula-
tions. The ﬁnal structure of the Mg2+ binding site is shown in Fig. 6B.
The free energy of the bi-dentate state is 5.4/10.4 kcal/mol more stable
than the tri-dentate and the tri-dentate state is 6.6/0.04 kcal/mol more
stable than the tetra-dentate state, for the AMBER-ILDN/CHARMM force
ﬁeld, respectively (Fig. 6A). To check if the data are converged we
additionally performed a transformation from the bi-dentate to the
tetra-dentate coordination for both force ﬁeld. The data agree well
with the two step method (Figs. 6A and S6).3.7. Sequence alignments indicate the presence of an Mg2+ binding site in
the ε subunit from pathogenic bacteria
From a pharmaceutical point of view, it is important to see if the
Mg2+ binding motif found here for B. subtilis is also found in the ε
subunit of pathogenic bacteria. Thus,we carried out a sequence analysis.
As indicated in Fig. 7, ε subunits of some pathogenic bacteria (notably,
such as Bacillus anthracis and Brucella abortis) carry the proposed
Mg2+ binding motif. In addition, many of the analyzed sequences
Fig. 6.A) Free energy differences between different coordination states. The results for theAMBER-ILDNand CHARMMforceﬁelds are shown in blue and red, respectively. Values are given
in kcal/mol. The bi-dentate coordination is, in both used force ﬁelds, the energeticallymost stable one. B) Zoom into theMg2+ binding site in the ε subunit from Bacillus subtilis. TheMg2+
binding site is composed of E59, E86 and four water molecules.
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glutamic acid as found in thermophilic Bacillus PS3 (Fig. 7).
Additionally we propose a second, distinct possible Mg2+ binding
motif, harboring a glutamic acid and an aromatic residue, which might
coordinate the Mg2+ ion via ion–carboxylate and ion–π interactions in
the absence of an arginine residue, as observed e.g. in the ε subunit
from Mycobacterium tuberculosis, which has been found not to bind
ATP at low Mg2+ concentration [73]. Additionally, ATPase activity of
Mycobacterium bovis andMycobacterium smegmatis could not be detect-
ed at 2 mM ATP concentration [74]. The above mentioned experiments
suggest that the ε subunit is themain factor for avoiding ATPase activity
in mycobacteria. This might denote a similar behavior as the ε subunit
from B. subtilis, which does not bind ATP in the absence of Mg2+ ions
[24]. Alternatively, the ATP binding ability is drastically decreased,
most likely caused by the ATP binding site composition (Fig. S1), as
shown for the ε subunit from E. coli (Kd = 22 mM) [23], which is
~5000 fold reduced compared to the Kd of ATP towards the ε subunit
from thermophilic Bacillus PS3 (4.3 μM) [25].
4. Discussion
It has been shown in previous experiments that the ε subunit from
bacterial F-type ATPases is able to bind ATP [22,23]. When ATP is
released from the ε subunit, a conformational change occurs from the
non-inhibitory down-state to the inhibitory up-state [17–19,30]. Sub-
unit ε in the up-state binds to the catalytic α3β3-interface and prevents
the rotation of the catalytic complex in hydrolysis direction causing
ATPase inhibition. Additionally the ε subunit from B. subtilis shows
Mg2+ dependency [24] — at depleted Mg2+ concentrations the ε sub-
unit is not able to release the ε-inhibited ATPase state. Here, we presenttheMg2+binding site of the ε subunit from B. subtilis. This binding site is
located in the vicinity of the β-barrel and the loop, connecting the rigid
β-sheet and the α-helical domains, which changes its conformation in
the transition from the down- to the up-state.
We propose the found Mg2+ binding site to be physiologically
important based on following considerations: 1) It should be noted
that the author of the former study [24] suggested two possibilities for
theMg2+ dependency. EitherMg2+ binds to the ε subunit-ATP complex
or the observed ﬂuorescence changes are affected byMg2+ ions. 2) The
ε subunit from B. subtilis binds ATP (Kd = 2.3 mM) ~500 fold weaker
than for the ε subunit from thermophilic Bacillus PS3 (Kd = 4.3 μM)
[25] despite the presence of the same residues binding to ATP
(E83, D89 (backbone), R92, R99, R122 and R126) [23]. The alignment
of ATP binding residues is shown in Fig. S1. Additionally, we show that
Mg2+ binds in a similar way towards ATP in a second coordination
sphere in both organisms (Fig. S8). Based on this result, the presence
of the same residues in the binding site and the crystal structure,
we exclude a different ATP binding mode of the ε subunit from both
organisms. 3) The results reported in this study, identifying a protein
internal allosteric Mg2+ binding site in the ε subunit from B. subtilis,
but not in the ε subunit from thermophilic Bacillus PS3. 4) The
corresponding mutation (R84A) in the ε subunit from thermophilic
Bacillus PS3 remarkably decreases the binding afﬁnity of ATP to the
protein [25].
Firstwe clarify using homologymodeling and conventionalMD sim-
ulations that residues E59 and E86 are deprotonated at physiological
pH. The initial interactions between E59 and E86 cannot be maintained
during the simulations in other protonation states (Fig. 3). While in
thermophilic Bacillus PS3 an arginine residue is in located near to the
corresponding residues, a threonine can be found in B. subtilis, which
Fig. 7. Sequence alignment extract (residue 60 to 95— thewhole alignment is shown in the Supporting information— Fig. S7) of F-type ATP synthase ε subunits from thermophilic Bacillus
PS3, Bacillus subtilis and several pathogenic bacteria. The alignment was derived from the UniProt Database [70]. Residues involved in Mg2+ binding (alignment positions 64, 89 and 91)
and the ones being entrapped (alignment position 90) by these residues in the ε subunit from B. subtilis are highlighted. Positively charged residues are shown in blue, negatively charged
ones in red, hydrophobic ones in light gray, aromatic ones in yellow, P andG in orange and polar residues in brown respectively. The sequence alignment was generatedwith Jalview [71].
The initial alignment was initially derived by T-Coffee [72] and edited manually.
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protonation states.
In the simulations (E59 and E86 of the ε subunit from B. subtilis
are deprotonated) containing Mg2+ ions, we show that residues E59
andE86 are involved inMg2+binding (Fig. 4). In the non-Mg2+ depen-
dent ε subunit from thermophilic Bacillus PS3, an arginine (R84) is able
to maintain the complex in the down-state, interacting with E86, thus
preventing a transition to the up-state in the absence of Mg2+ ions, if a
sufﬁcient concentration of ATP. The R84A mutation in this organism
dramatically decreases the ability to bind ATP in gel ﬁltration experi-
ments [25]. However, in the conventional MD simulations of the ε
subunit from B. subtiliswe are observing only the second coordination
sphere of theMg2+ ion, bound to E59 and E86 simultaneously (Fig. S4),
but not a ﬁrst coordination sphere of the Mg2+ ion. This might be
caused by the relatively high desolvation energy of a hydrated Mg2+
ion. Anyway, crystal structures of small organic molecules show ﬁrst
[67,68] and second coordination spheres [69], while protein
complexes show stable Mg2+ binding sites only in ﬁrst coordination
spheres, buried in the protein interior, as discussed elsewhere [65,
66]. To clarify if theMg2+ ion is coordinated in a ﬁrst or second coordi-
nation sphere, we calculated the solvation free energy of the Mg2+ ion
in water, the second sphere and the ﬁrst sphere, respectively. These
results show that the Mg2+ ion is bound in the ﬁrst coordination
sphere by E59 and E86 (Fig. 4D), as illustrated in Fig. 6B. The binding
free energy obtained by free energy calculations can be translated
into a dissociation constant (Kd), using the formula: Kd ¼ e−ΔG
0
b=RT ,
resulting in a predicted Kd of 7.5 ∗ 10−15 M and 1.2 ∗ 10−14 M for theAMBER-ILDN and CHARMM force ﬁeld, respectively. However, the cal-
culated Kd is drastically overestimated most likely due to the limited
reproducibility of divalent ions in classical non-polarizable force-
ﬁelds [75,76].
To clarify howMg2+ is coordinated by these glutamic acids, we sim-
ulated all possible states, where glutamate coordination numbers were
modeled from one to four. While the bi-dentate coordination (Mg2+ is
coordinated by E59:Oε1 and E86:Oε1) is stable, all other simulations
show instability and/or ﬂexibility (Fig. 5B). In themono-dentate coordi-
nation the second glutamate is not able to maintain a stable second
coordination sphere with theMg2+ ion. In the tri- and tetra-dentate co-
ordination, transitions between states can be observed, indicating that
the bi-dentate coordination is the most stable one; this result is consis-
tent with the crystal structure of Mg(L–AspH)(D–AspH) [68], databank
analysis and quantum mechanical calculations [77–82]. The limited
reproducibility of non-polarizable ions in classical force ﬁelds should
be mentioned, as discussed elsewhere [75,76]. However, taking into
account quantum chemical calculations [77,78], we conclude that our re-
sults show the right trend concerning the binding afﬁnities of the Mg2+
ion (Mg2+ in water b Mg2+ second sphere coordination bMg2+ ﬁrst
sphere coordination).
To further investigate this hypothesis, we carried out free energy
simulations converting the tri-dentate coordination into the bi-
dentate and tetra-dentate coordination. The result shows that the bi-
dentate coordination is the most favorable one. This coordination
sphere comprises two oxygen atoms from different glutamic acid resi-
dues and four water oxygen atoms, as shown in Fig. 6B.
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that the ε subunits from several pathogenic bacteria might harbor an
Mg2+ binding site. This Mg2+ binding site, not being in the vicinity of
the ATP binding site, might decrease the Kd ~500 fold, as based on the
Kd values of thermophilic Bacillus PS3 (4.3 μM) [25] and B. subtilis
(2.3 mM) [24], which share the same ATP binding site according to
their sequences (Fig. S1) and the crystal structure of the ε subunit
from thermophilic Bacillus PS3 [23]. The former experimental data and
our results suggest an allosteric mechanism —Mg2+ binding is impor-
tant to stabilize the protein conformation in the down-state, allowing
subunit ε to bind ATP. The Mg2+ binding of subunit ε site might denote
a new attractive target for antibiotic drugs due to the different ATPase
inhibition mechanisms in bacteria and mammals, leading to decreased
side effects. Based on our results we propose to introduce a T84Rmuta-
tion in B. subtilis to suppress Mg2+ dependency; this strategy might be
used to crystallize the ε subunit from other potential Mg2+ dependent
pathogenic organisms in the down-state, too. Moreover the introduc-
tion of this binding motif might allow to stabilize the ATPase inhibition
complex in the up-state (ε subunit), which has been shown previously
by introduction of a phosphomimetic site, stabilizing interactions of
the ε subunit in the up-state, thus leading to a more stable complex
and higher resolution of the whole ATPase inhibited F1-complex [83].
Organisms carrying an Mg2+ binding site might have adapted to
their environment. To preventwasteful ATPhydrolysis, the introduction
of an Mg2+ binding motif might allow one to prevent the transition
of the ε subunit between the ATPase inhibitory up- and the non-
inhibitory down-state. Thus these bacteria might be in a dormant
inactive state, using only a reduced amount of ATP for fundamental
cell function (as e.g. M. tuberculosis [84]). Therefore activating ATPase
activity could denote the basis for novel drugs with reduced side effects
due to the different mechanisms in mammals and bacteria. The drug
TMC207 [85] targeting the c-ring [86] and the ε subunit [73] of
M. tuberculosis has been approved recently, showing the potential for
novel drugs targeting the ATP synthase from pathogenic bacteria.
5. Conclusions
We have clariﬁed the structural basis for Mg2+ binding to subunit ε
from F-type ATPase in B. subtilis and the absence of this binding site in
the ε subunit from thermophilic Bacillus PS3, despite the high sequence
identity. The binding site resides between the rigid β-sheet and the α-
helical domain, which conducts the conformational change to inhibit
ATPase activity by binding to the α3β3 sub-complex. This binding site
might be present in some pathogenic bacteria, denoting a novel drug
target.
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